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Abstract 
The deep hole drilling process with solid carbide twist drills is an efficient alternative to the classic single-lip deep hole drilling, due 
to the generally higher feed rates possible and the consequently higher productivity. Furthermore the minimum quantity lubrication 
(MQL) can be applied, in order to reduce the production costs and implement an environmentally friendly process. Because of the 
significantly reduced cooling performance when using MQL, a higher heat loading results for the tool and the workpiece. This 
paper presents the investigations of the temperature distribution in the workpiece and the heat balance of the deep hole drilling 
process. 
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1. Introduction 
Deep hole drilling processes are used to produce 
boreholes with a length-to-diameter ratio l/D > 3. For 
small tool diameters d < 12 mm two commonly used 
methods exist   the single-lip deep hole drilling and the 
deep hole drilling with twist drills. Due to the 
asymmetric design of the single-lip drill and its single 
cutting edge the productivity of this method is limited. 
The use of solid carbide twist drills offers an alternative 
to the single-lip drilling and usually allows higher feed 
rates. This technique is generally utilised in operations 
with l/D-ratios l/D ≤ 40. The relatively long machining 
time of deep hole drilling operations and the position of 
the working zone within the workpiece lead to a higher 
heat flux into the workpiece [1]. In order to obtain a 
more ecological and economical process the MQL-
concept is currently more and more introduced, 
particularly in deep hole drilling operations, to substitute 
the common emulsion coolant [2-5]. The combination of 
the long machining time, the internal working zone and 
the reduced cooling performance of the MQL induce 
high thermal load into the workpiece and can cause 
insufficient borehole quality and process failure. On the 
one hand the reliability of the deep hole drilling process 
can be affected as a consequence of the increase of the 
adhesion affinity and the lower chip breakage ability of 
the material at higher temperatures. On the other hand 
the precision of the machining process can be negatively 
influenced by the higher thermal loads. Hence the 
knowledge of the heat generation and distribution is 
important for the reliable design of the MQL machining 
process, in particular the deep hole drilling using twist 
drills [6-9]. 
2. Experimental Investigations 
The aluminium cast alloy EN AC-46000 (AlSi9Cu3) 
was used for this research work. Representative for this 
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material is the good castability, the excellent 
machinability and the high heat resistance. Hence it is a 
commonly used alloy for automotive engine 
applications, e.g. cylinder head and engine block. 
The investigations were carried out on a 4-axis-
machining centre GROB BZ 600. Additionally a MQL 
device with an operating pressure of pMQL = 14 bar was 
used in order to realise a reliable chip removal along the 
flutes of the twist drill. The use of compressed air and 
MQL with a pressure of pair = pMQL = 6 bar does not 
provide the needed lubrication and cooling performance 
and results in a continuous chip formation, jammed 
flutes and finally tool breakage. Therefore the higher 
pressure of p = 14 bar was used for the further 
investigations presented in this paper. The feed force and 
the drilling torque are recorded with the help of a 
rotating dynamometer of type Kistler 9125. For the 
investigation of the mechanical load a full factorial 
design was applied between the cutting speed of 
vc = 140 m/min and vc = 200 m/min as well as the feed 
of f = 0.1 mm and f = 0.3 mm. For the analysis of the 
thermal load a fractional factorial design was used to 
reduce the number of the experiments. In order to obtain 
the relationship between the cutting speed, the feed and 
the heat input into the workpiece, the feed was varied 
between f = 0.1 mm and f = 0.3 mm by constant cutting 
speed of vc = 170 m/min. For the feed of f = 0.2 mm the 
cutting speed was varied in the range, which was used 
for the investigations of the mechanical load. 
The solid carbide tools used are uncoated and have a 
diameter of d = 10 mm and a flute length of 
lflute = 270 mm. This geometry allows a drilling depth of 
l = 250 mm = 25xd, which was realised in both the 
mechanical and the heat load investigations. Further-
more, the twist drills feature a non-rounded cutting edge 
and polished flutes in order to achieve an enhanced chip 
breakage behaviour and friction-reduced chip removal. 
The pilot hole had the depth of lp = 30 mm and was 
generated by a pilot drill, which has a diameter of 
d = 10.030 mm and a point angle σ = 150°, in order to 
provide guidance and centring of the deep hole drill. 
2.1. Mechanical load 
The results of the mechanical load analysis are 
presented in Figure 1 as a function of the feed and the 
cutting speed. Both the feed force Ff (a) and the drilling 
torque Md (b) demonstrate a nearly linear dependency on 
the feed and a minor correlation to the cutting speed. 
The feed force of the experiments with a feed of 
f = 0.1 mm increases as an exception by approximately 
50% when increasing the cutting speed from 
vc = 140 m/min to vc = 200 m/min. 
For small feed rates the friction at the chisel edge has 
a significant influence on the feed force due to the small 
undeformed chip thickness. When drilling with higher 
feed rates the cutting speed dependent effects become 
minor since the undeformed chip thickness at the major 
cutting edge as well as the effective rake angle increase. 
Furthermore both the feed force Ff and the drilling 
torque Md are approximately doubled when increasing 
the feed from f = 0.1 mm to f = 0.3 mm. This fact 
indicates that the constant feed-independent terms of the 
feed force and the drilling torque cannot be ignored. 
They represent the friction of the flank faces and the 
lands of the tool as well as between the bottom face and 
the wall of the borehole. Within the investigated range of 
the feed 0.1 mm ≤ f ≤ 0.3 mm the feed force Ff and the 
drilling torque Md can be approximated as a function of 
the feed f according to Equation 1 and 2. 
 
Ff  ≈ 200 + 2000·f  (1) 
 
Md ≈ 0.75 + 7.5·f   (2) 
 
The constant terms of the feed force Ff = 200 N and 
the drilling torque Md = 0.75 Nm correspond to the 
increase of force and torque within a feed step of 
Δf = 0.1 mm. Hence the deep hole drilling process can 
be designed more efficiently when machining with a 
higher feed rate in order to decrease the constant terms 
of the feed force and the drilling torque from the total 
mechanical load. 
The analysis of the cutting forces has shown that the 
feed is the major influencing factor on the machining 
process. In order to achieve more information about the 
energy balance of the drilling process the active power 
can be calculated following Equation 3. Generally the 
terms resulting from the feed power are negligible, 
because the feed velocity vf is usually significantly less 
than the cutting speed vc. 
 
Pa = Fc·vc + Ff·vf ≈ Fc·vc = Fc·π·n·d = 2π·n·Md (3) 
 
The active power Pa is presented in Figure 1c for the 
investigated parameter range and shows an increasing 
trend for both the feed and the cutting speed. However 
the dependency of the active power on the feed and on 
the cutting speed is based on two different effects. On 
the one hand, when drilling with higher cutting speed the 
active power increases due to the higher rotation speed 
of the machine tool spindle with nearly no change of the 
cutting force respectively the drilling torque (Figure 1b). 
On the other hand the increase of the active power when 
machining with higher feed values results from the 
higher drilling torque by constant rotation speed. The 
analysis of the active power data shows that increasing 
one of the process parameter values (f and vc) causes 
also higher power consumption during the machining. 
The duration of this power consumption depends 
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however as well as the active power itself on the 
parameter values for the feed f and cutting speed vc. 
Therefore the machining time is needed in order to 
calculate the active work of the deep hole drilling 
process respectively the energy needed to generate a 
particular borehole. 
The variation of both feed and cutting speed has a 
direct influence on the feed velocity and thereby on the 
machining time of the deep hole drilling process. The 
machining time is given by Equation 4 as a coefficient of 
the feed velocity vf and the drilling depth l less the depth 
of the pilot hole lp. 
 
tm = (l - lp) / vf   (4) 
 
Machining time between tm = 6.91 s (by f = 0.3 mm 
and vc = 200 m/min) and tm = 29.62 s (by f = 0.1 mm 
and vc = 140 m/min) results within the investigated 
range of the parameters. By known machining time and 
according to Equation 5 the active work Wa can be 
evaluated. 
 
Wa = Pa·tm   (5) 
 
The calculated active work for the deep hole drilling 
process using twist drills and MQL is presented in 
Figure 1d. The dependency of the active power on the 
cutting speed is no longer applicable for the active work, 
so that the active work is primary influenced by the feed. 
It is obvious that the active work, which represents the 
energy needed for the drilling of a borehole, is 
decreasing when machining with higher feed values. The 
process duration has a major influence on the active 
work and leads to lower energy consumption, although 
the drilling torque increases by higher feed values. The 
difference between the most energy saving process with 
Wa < 15 kJ and the most energy dissipating process with 
Wa ≈ 22 kJ stands for energy saving of more than 30% 
when machining with the higher feed of f = 0.3 mm. 
The knowledge of the mechanical load resulting from 
the machining process is an important aspect for the 
analysis and the benchmarking of different process 
parameter values. However the heat load of the 
components and in particularly the heat flow into the 
workpiece has a major influence on the feasible process 
stability and the achievable quality of the borehole. 
Furthermore the heat load depends on a multitude of 
factors, such as the cutting and workpiece material, the 
position of the effective cutting area (internal in drilling 
operations), the coolant concept etc, which makes it 
impossible to reference existing studies. Therefore the 
measurement of the temperature field within the 
workpiece was carried out in order to achieve a 
representative data for the heat load of the workpiece for 
the deep hole drilling using twist drills and MQL. 
2.2. Heat load of the workpiece 
In order to obtain the heat flow into the workpiece the 
temperature in the workpiece was measured by 21 
thermocouples. For the positioning of the thermocouple 
individual boreholes were generated at three 
circumferential positions with seven thermocouple 
locations each. In order to reduce the influence of those 
boreholes on the heat distribution within the workpiece a 
diameter of d = 1 mm was used with a drilling depth of 
l = 4 mm after predrilling with a diameter of d = 3 mm. 
The determination of the particular thermocouple 
position within the workpiece was conducted with a 
method based on the design of experiments (DOE). 
Thereby it was possible to achieve a homogeneous 
distribution of the thermocouples in order to obtain 
information about the temperature field for different 
drilling depths and different radial distances to the 
borehole wall. The investigated range covers the axial 
position (along the drilling depth) between la = 50 mm 
and la = 250 mm. For the radial distance to the borehole 
wall the range of 0.5 mm ≤ lr ≤ 10.5 mm was considered. 
The temperature developing at a particular 
thermocouple location with the axial position of 
la = 117 mm and the radial distance to the borehole of 
lr = 6.5 mm is presented in Figure 2. The influence of the 
cutting speed on the measured temperature within the 
workpiece (Figure 2a) is insignificant in comparison to 
the feed dependency (Figure 2b). The initial temperature 
of T ≈ 25 °C rises to maximum values between 
Fig. 1. Feed force (a), drilling torque (b), active power (c) 
and active work (d) 
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T ≈ 34 °C and T ≈ 36 °C within the varied cutting speed. 
In contrast, the feed variation generates different 
maximum temperatures between T ≈ 31 °C and 
T ≈ 42 °C at the actual thermocouple position. 
Considering the initial temperature of T ≈ 25 °C, the 
heat load of the workpiece induces a temperature 
increase of ΔT ≈ 6 °C when drilling with a feed of 
f = 0.3 mm and the nearly triple increase of ΔT ≈ 17 °C 
during the drilling process with a feed of f = 0.1 mm. 
The lower the feed the higher is the heat flow into the 
workpiece and correspondingly the resulting 
temperature. 
The reason for this behaviour can be found in the 
high thermal conductivity of aluminium, combined with 
the long duration of the deep hole drilling process. 
Therefore the heat flow rate into the workpiece rises as a 
result of the high speed of heat propagation and the 
small uncut chip thickness. Thus more heated material 
remains in the front of the drilling tool within the next 
revolution. Due to the lower feed rate the friction at the 
lands and the flank faces of the tool as well as the 
corresponding heating of the workpiece increase because 
the number of spindle revolutions for drilling a particular 
borehole and hence the path length due to primary 
motion rise. 
In order to achieve an energetic budget of the deep 
hole drilling process and to obtain the heat flow into the 
workpiece the mean temperature was evaluated at the 
point in time immediately after the machining process. 
According to Equation 6 the heat energy Qw within the 
workpiece can be calculated with the help of the specific 
heat capacity cp of the used aluminium alloy, the mass of 
the workpiece m and the temperature difference between 
the start and the end of the process ΔT. Furthermore the 
power of the heat flow Pw into the workpiece was 
estimated corresponding to Equation 7. 
 
Qw = cp·m·ΔT   (6) 
 
Pw = Qw / t   (7) 
 
The heat energy saved in the workpiece directly after 
the deep hole drilling process shows a distinctive 
dependency on the feed (Figure 2c). The feed of 
f = 0.1 mm generates a workpiece heat energy of 
Qw ≈ 15 kJ, which correspond to ca. 75% of the active 
work Wa for this process (see Figure 1d). 
In contrast the higher feed of f = 0.3 mm produces a 
heat energy of Qw ≈ 5 kJ, thus only ca. 33% of the active 
work Wa, needed for the machining of this particular 
borehole. The heat flow into the workpiece results in a 
nearly constant value of Pw ≈ 600 W within the 
investigated feed range (Figure 2d). Because of the 
different process duration the heat flow resulting from 
the primary and secondary heating of the workpiece 
indicate no dependency from the feed. The temperatures 
within the workpiece increase when drilling with lower 
feed as a result of the long machining time. 
 
Furthermore an additional effect of the workpiece 
heating is considered for all investigated parameter 
values. The typical decrease of the temperature 
developing after the machining process passes the 
particular thermocouple position cannot be observed 
when deep hole drilling using MQL. After the rapid 
increase of the temperature resulting from the cutting 
process a further rise occurs and persists until the end of 
the drilling process. The absolute value of this increase 
varies between T ≈ 0.5 °C for the process with the 
shortest machining time and T ≈ 2.5 °C when drilling 
with the lowest feed of f = 0.1 mm. This effect correlates 
to the primary heating due to the machining but results 
from the secondary heating of the borehole wall by the 
MQL. Due to the high flow velocity of the MQL within 
the borehole and the flutes of the drill a rapid heat 
exchange takes place between the chips, the borehole 
and the MQL as well as subsequent between the MQL 
and the borehole wall. In order to investigate this effect a 
measurement of the MQL temperature was carried out at 
the beginning of the borehole and a profile along the 
drilling tool respectively drilling depth was achieved 
(Figure 3). The MQL temperature increases within 
Fig. 2. Measured temperature developing for different cutting speeds (a) 
and the feed rates (b); heat energy accumulated in the workpiece (c) and 
heat power into the workpiece (d) 
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t < 1.4 s beginning from the ambient temperature to 
T ≈ 60 °C. The direction of the heat flow is from the 
drill, the workpiece and primary the chips into the MQL, 
which accomplish a cooling function. In the further flow 
of the MQL through the flutes the temperature of the 
sur-rounding components decreases and the MQL has 
the highest temperature. Hence the heat flow inverts and 
now the MQL produces a heat flow into the workpiece. 
The measured MQL temperature is decreasing along the 
remaining machining time, which supports the thesis of 
the heat exchange of the MQL with the wall of the 
borehole. 
 
Fig. 3. Heating of the borehole wall by the MQL 
3. Simulation of the deep hole drilling process 
The Finite Element Analysis (FEA) of the workpiece 
temperature field during the deep hole drilling process is 
implemented with the help of a two-dimensional model 
of the workpiece. It represents one half of the 
rotationally symmetric section along the borehole. The 
material properties used for the simulation are 
summarised in Table 1. 
 





cp = 880 J/kg·K ρ = 2750 kg/m³ λ = 125 W/m·K 
 
In Figure 4 the used finite element model at the 
beginning and the end of the process is shown. The 
elements within the borehole are used to apply the heat 
source resulting from the primary heating by the 
machining process. The temperature profile of the MQL 
is applied as a convective load on the borehole wall. 
Thereby the cooling function of the MQL in the first 
interval behind the cutting edge and the heating of the 
remaining part of the borehole wall are achieved. In each 
step the simulation calculates the temperature field 
within the workpiece and sequentially removes the 
elements, according to the material removal and the feed 
rate of the real process. The heat source for the primary 
heating and the secondary heating temperature profile of 
the MQL are updated in each simulation step and moved 
forward corresponding to the real feed movement. 
 
The result evaluation is considered at the discrete 
measurement positions used in the experiments. A 
comparison between the determined and the calculated 
temperatures for two different feed values of f = 0.1 mm 
and f = 0.3 mm is shown in Figure 5a respectively 5b. 
The colour of the different plots represents the position 
of the particular thermocouple. The simulated 
temperature shows a good agreement to the measured 
data for both the thermocouple position near the 
borehole wall (radial distance lr = 1 mm) and the further 
radial measurement locations with lr = 5 mm and 
lr = 10.5 mm. The simulated temperature reproduces the 
real process to a great extent, describing the same 
magnitude of the peak resulting from the drilling process 
(radial distance lr = 1 mm). Furthermore the secondary 
heating of the workpiece can be simulated with the help 
of the obtained MQL temperature profile, applied as a 
convective load along the borehole wall. The difference 
between the measured and the calculated temperature at 
Fig. 4. Design and stages of the thermal simulation 
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feed f = 0.1 mm and radial distance lr = 5 mm requires 
further measurement and modification of the material 
properties, used in the FEA. 
 
4. Summary 
In order to reduce the production costs the deep hole 
drilling with twist drills and MQL becomes more and 
more interesting for the metal working industry. The 
increased thermal load when substitute the emulsion 
coolant concept by MQL can cause lower process 
reliability and thermally induced workpiece deviations. 
The experimental investigation of the mechanical and 
heat loads is presented in this paper. It could be shown 
that the feed is the determining factor for both the 
mechanical and the thermal load of the workpiece. The 








An unusual secondary heating of the workpiece could 
be observed within these investigations. The 
measurement of the MQL temperature during the deep 
hole drilling process can explain the complex interaction 
of its components. The cooling effect of the MQL in the 
effective cutting area leads to a temperature increase 
within the coolant and sequel to the heating effect at the 
borehole wall. Furthermore a simulation of the heat 
distribution was carried out as a first step in the 
development of simulation tool for predicting the 
workpiece deviations. The simulative achieved data 
shows a good agreement to the measured temperature 
fields. 
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